A coupled stress-flow finite element procedure, based on dynamic Biot equations, was used to analyze the behavior of pipe buried in liquefiable soil. The governing equations, soil constitutive model, finite element discretization and solutions were described. The results of analysis were compared with two cases of dynamic centrifuge test of soil deposit and pipe conducted at 30-g acceleration field. The horizontal soil deposit was analyzed followed by the deposit having a buried pipe of diameter 10 cm (3 m i n prototype). The deposit was composed of loose Nevada sand that was saturated with a viscous solution in satisfying the similitude rules of time for the dynamic event and diffusion phenomena. The response of the ground, such as acceleration and excess pore water pressure, and the earth pressure and uplifting of the pipe, were presented and compared. The results of analysis indicated that a coupled stress-flow finite element procedure where the soil was expressed by Pastor-Zienkiewicz Mark-III model was able to simulate the dynamic response of the soil and pipe up to the stage of liquefaction. Several other issues related to the analysis were discussed.
Introduction
Recent earthquakes have caused damages to the pipelines, especially the utility lifelines (e.g., Hall and O'Rourke, 1999 ; O'Rourke et al., 1991; Shinozuka et al., 1995) .
During 1994 Northridge earthquake, the main water supply and gas distribution lines in Los Angeles area suffered considerable damage (Schiff, 1997) . Although structural failure, such as buckling and joint dislocation, had been the major cause of damage during an earthquake, flotation and meandering of pipelines associated facilities, such as manholes, have also been reported (Hamada et al., 1996 ; Koseki et al., 1997; Mohri et al., 1995) . There are growing concerns over the risks of pipeline damage in the events of an earthquake ( O' Rourke et al., 1989) . Liquefaction on shield tunnels and its mitigation has also been a subject of study in Taiwan (Chou et al., 2001 ). To study the mechanism of pipeline flotation and also to develop appropriate mitigation technique, a series of largescale shaking table tests (Mohri et al., 1999) and centrifugal shaking table tests (Ling et al., 2001; Sun, 2001 ) have been conducted. This study is focused on the finite element simulation of the centrifugal shaking table tests.
Saturated soil exhibits very complicated behavior under cyclic loading. The excess pore water pressure generated by cycles of loading in the soil eventually leads to liquefaction when the effective stress becomes zero. While centrifugal shaking table tests contributed significantly toward understanding the behavior of pipeline buried in liquefiable soil, they are costly to perform compared to n umerical analysis. On the other hand, a numerical procedure has to be verified against carefully controlled experiments.
The seismic response of horizontal ground and soil structures has been attempted by a number of researchers. The development of robust finite element procedures and advanced soil constitutive models improved the analysis of liquefaction problems (e.g., was not included. Very little numerical works have been accomplished in this subject using advanced soil models. Thus, the aim of this paper is to validate a finite element procedure in simulating this particular type of problem. In this paper, the finite element procedure is outlined, followed by a description of analysis and comparison of results.
Dynamic finite element analysis
The finite element code, DIANA-SWANDYNE II (Chan, 1988; Zienkiewicz et al., 1999) , was used in this study. It simulates two-dimensional boundary value problems under plane strain or axi-symmetric conditions. The behavior of saturated soil is analyzed using a coupled stress-flow formulation based on Biot dynamic equations (Biot, 1956 ). In the u-p formulation, where u is the soil skeleton displacement and p is the pore pressure, the relative acceleration of fluid to solid skeleton is not included. The code has been used successfully in previous liquefaction studies (Chan et al., 1994; Dewoolkar et al., 1999, Madabbushi and Zeng, 1998; Zienkiewicz et al., 1994 ).
Governing equations and finite element discretization
Soil behavior is governed by effective stress. Using indicial notations, the principle of effective stress is expressed as
where ij σ , ij ' s , p and ij δ are the total stress and effective stress acting on the saturated soil mass (tension positive), pore pressure (compression positive), and Kronecker's delta, respectively.
Biot dynamic equation of equilibrium (Biot, 1956 ) that governs the two-phase porous media is expressed as
where i b is the body force acceleration, i u& & is the acceleration of solid skeleton, i w & & is the average relative fluid acceleration, ρ f is the density of fluid, and ρ is the density of total soil mass (combined solid and fluid). ρ is expressed as
where ρ s is the density of solid particles and n is the porosity.
The generalized Darcy's law that satisfies the fluid phase equilibrium is expressed as ρ ρ ρ
where k li is the permeability tensor.
The continuity equation for flow is given as
where Q is
and K f and K s are the bulk moduli for fluid and solid phases, respectively. (2) and (4), and the relative fluid velocity i w & is eliminated from Eqs (3) and (4), u-p formulation is obtained. That is,
If the relative fluid acceleration
The condensed vectorial form of equations are hereafter used to replace the indicial notations in the context of finite element description. The spatial discretization involving the variables u and p is achieved by using relevant shape functions N u and N p , respectively. That is,
where u are the displacement parameters and p is the pore pressure parameter.
The governing equations are transformed into a set of algebraic equations in space with only the time derivatives by the use of Galerkin formulation:
where f (1) and f (2) are the applied forces in the solid and fluid phases, respectively.
Rayleigh damping
In general, the material damping resulting from the plastic behavior of soils and viscous effects of fluid is sufficient to eliminate non-physical or numerical oscillation.
However, if the solutions of the problems are at low-strain level where plastic hysteresis is small or when elastic behavior exists, system damping is considered by adding a matrix of the form u C & to the dynamic equations. That is, Eq (9) is rewritten as
Rayleigh damping (Clough and Penzien, 1993 ) is usually used in dynamic analysis:
where M and K are the mass and stiffness matrices, respectively. α and β are coefficients, which are obtained in a straightforward manner for a linear structure system but not for geotechnical problems, especially if liquefaction is a concern. α and β are related to the damping ratio ξ and angular frequency ω:
They are calculated by selecting a damping ratio ξ and two frequencies (f 1 and f 2 ) outside which damping is larger than the damping ratio. For example, Eq (13a) may be rewritten
For ξ =10% and f= 20 Hz and 100 Hz, which are the range of predominant frequencies in dynamic centrifuge testing, α and β could be determined by solving Eq (13b) as 20.8 and 2.8×10 -4 , respectively. For frequencies lower than 20 Hz and higher than 100 Hz, the Rayleigh damping will be higher than 10%. For frequencies between 20 Hz and 100 Hz, it will be less than 10%. It should be noted that for lower frequencies, such as 20 Hz, the contribution from α is more than 80% as compared to β which is less than 20%. On the other hand, for a frequency of 100 Hz, the contribution from α is less than 20% and that from β is more than 80%. Alternatively, a desired minimum damping ratio could be obtained by selecting α and β for any value of frequency. For example, for
Hz, by choosing α= 56.548 and β= 1.768×10 -4 , a minimum Rayleigh damping of 10% is obtained. In this case, contributions from α and β are both 50% of the total 10% Rayleigh damping. Values of α and β can thus be varied to affect the total damping.
In this study, the Rayleigh damping coefficients were α = 56.548 and β = 1.768×10 -4 (5% damping at 90 Hz) for all the analyses. Note that a Rayleigh damping of 5% at 100
Hz, including mass damping of 2.5% (related to α) and stiffness damping of 2.5%
(related to β), was used by Chan et al. (1994 
Time Stepping
The time integration is conducted using the Generalized Newmark GNpj scheme (Newmark, 1959; Katona and Zienkiewicz, 1985) . The values n u , n u & , and n p are considered as known values at time t n; and based on that 
Using GN22 for the displacement parameters u , and GN11 for the pore pressure parameter p , the quantities at time t n+1 are expressed as
and Substituting Eqs (16) and (17) into Eqs (14) and (15) 
Soil constitutive model: Pastor-Zienkiewicz Mark -III Model
The effective stress and strain increments are expressed using an elastoplastic constitutive law: The model requires a total of 13 parameters:
H u0, γ Hu, γ DM and p 0 '. Table 1 
Finite element modeling and results

The physical model and instrumentations for the two centrifuge tests with loose
Nevada sand having relative density of 38% were analyzed. The models were subjected to 0.6g acceleration. The first test was a soil deposit alone and the second one was having a pipe buried in it (Figure 1 Figure 3 shows the comparison of acceleration response between the analysis and centrifuge test during the initial 10 seconds of shaking. The analysis results for H4, which was located close to the base of the box, gave a better agreement with the experiments. A stronger response was obtained in the analysis compared to the experiments at other elevations. Nevertheless, the analysis reproduced the trend of observation that the acceleration attenuated in the base and then to the surface of soil deposit. It has to be noted that the experimental results for H1 and H5, and H2 and H6, which were at the same elevation, showed very similar acceleration response.
Case 1: Horizontal soil deposit
The analysis was able to simulate the excess pore pressure response up to onset of liquefaction ( Figure 4) . During initial shaking, the excess pore pressure rose rapidly. P3
to P6 agreed well with the analysis, although the rate of generation of the excess pore pressure was slightly higher in the analysis compared to the test. The pore pressure response were different for transducers P1 and P5, and P2 and P6, although they were at the same elevation.
Case 2: Pipe buried in horizontal soil deposit
The response of the foundation and pipe during initial 10 seconds of shaking are presented and compared. Figure 5 shows the acceleration response obtained from the analysis and the tests where AH1 to AH4 were located near the model pipe. The analysis gave larger acceleration in AH1 to AH4 compared to the test results. The results of analysis show that acceleration after liquefaction did not attenuate to a value smaller than that presented for the soil deposit alone. The results of analysis could be a reflection of the interaction between the pipe and soil.
Figures 6 and 7 show the excess pore pressure response of the analysis and the test.
Pore pressure transducers P1 to P4 were attached to the pipe. In the test, the excess pore pressure at all locations increased during initial stage of shaking. A higher excess pore pressure was obtained in the analysis compared to the test results, but the general trend of response was quite similar, except P3 and P5, which were located at the bottom and top of the pipe, respectively. A larger oscillation of excess pore pressure around the pipe was simulated compared to the test results. The oscillation in P5 to P9, which were in the soil, was close. In P3, which was located at the bottom of the pipe, the excess pore pressure obtained from the analysis showed a decrease not long after shaking. The result was due to the fact that separation between the pipe and soil was not accounted for in the analysis, thus tension developed in the soil elements around the bottom of the pipe. In the test, as the pipe started to uplift, pore pressure reduced. However, this was not observed in the analysis (at P5) that assumed a saturated deposit.
The earth pressure increment in transducers E1 to E4 are shown in Figure 8 . These transducers were installed on the pipe to measure the total earth pressure. Note that E1
did not function at 30-g acceleration field during testing. E1 and E3 were located at the top and bottom of the pipe, respectively, while E2 and E4 were at the two sides of the pipe. The analysis gave reasonable results for E2 and E4. At E1 and E3, the earth pressure began to decrease in the analysis instead of increasing with shaking. The difference between the test results and analysis was due to soil-structure interaction, as explained in previous section for the pore pressure. Also, the oscillation was larger in the analysis compared to the test results. Figure 9 shows the uplifting of the pipe during shaking. This portion of uplifting was well simulated. However, the analysis showed smaller value compared to the test results at subsequent shaking. In the analysis, the separation between the pipe and the soil was not modeled that could have affected the results. Also, small-strain finite element procedure may not be relevant for large-strain problems involving geometric nonlinearity, such as uplifting of the pipe.
Summary and conclusions
In this study, seismic response of saturated soil deposit with and without a pipe buried in it was simulated. In all experiments, the input acceleration was very large and duration of shaking was very long, that is, 0.6g for 60 seconds in prototype units.
The acceleration, excess pore pressure, and uplifting of the pipe obtained in the analysis were qualitatively in agreement with the experimental results. The finite element procedure simulated pre-liquefaction response very well, but difficulties were encountered in modeling post-liquefaction behavior.
A single set of soil parameters and damping coefficients were used in the two cases of analysis. The selection of damping coefficients was very crucial to the success of analysis as they may lead to unsatisfactory results or numerical instability. To improve the analysis, the damping coefficients could be correlated to degree of liquefaction, but theoretical basis and experimental evidence will need to be established.
The analysis could be improved with a soil model that better simulates dilatant behavior of sand at low confining pressure, such as the location close to the ground surface. Soil-pipe interaction should be accounted for with an interface/contact element that allows seepage. A large-strain finite element formulation would overcome limitation on analyzing pipe uplifting. The state-of-the-art numerical procedure will need to be refined for the analysis of this kind of unique problem involving pipe response and soil liquefaction. 
